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Determination of type I phase matching 
angles and conversion efficiency in KTP
M. H. van der Mooren, Th. Rasing, and H. J. A. Bluyssen
M easurements of the conversion efficiency of second-harmonic generation in  KTP (KTiOPO4) by the use of 
type I phase matching for different fundam ental wavelengths of a mode-locked picosecond Ti:sapphire 
laser are presented. The observed phase matching angles are in agreem ent w ith the calculated phase 
matching curves. At a fundam ental wavelength of 834 nm and an  intensity of 100 MW/cm2 the 
conversion efficiency is 4% a t maximum, and the corresponding effective nonlinear coefficient deff is equal 
to 0.32 pm/V. The experimental values of deff are related to d 11 (= 0.46 pm/V) of quartz and are in line 
w ith the predictions.
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1. Introduction
KTP (KTiOPO4) is a well-known nonlinear optical 
m ate ria l1 and is generally  used as a second-harm onic 
generator for the  1064-nm rad ia tion  of a Nd:YAG 
laser. The conversion to second-harm onic genera­
tion is very efficient (up to 80%) w hen type II phase 
m atching (PM) is used, b u t th is  technique is not 
possible2 for w avelengths less th an  990 nm. I t  has 
been shown theoretically3 th a t  type I PM is possible 
down to 740 nm  w ith  an  effective nonlinear coefficient 
G f th a t is a t least one order of m agnitude sm aller 
th an  for type II PM. Because of the high peak 
in tensities th a t  are available w ith  a Ti:sapphire laser 
(720-860 nm) it can be expected th a t  the  la se r’s 
w avelength range can be frequency doubled by the 
use of type I PM w ith  a reasonable efficiency. Second- 
harm onic generation by the  use of type I PM in bulk 
KTP is an  im portan t experim ent because it is a way to 
check the  calculated Geff. From  the definition of the 
G eff it can be seen th a t  its  value is m ainly determ ined 
by the  difference of two (almost equal2 nonlinear 
optical tensor elem ents, G15 and G24. W hen we in ­
clude K leinm an’s conjecture, it can be seen th a t  Geff is
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given by4,5:
Geff = 0.5(G24 — G15)sin 20 sin  2 f  (3 s in 2 8 — 1)cos 8
+ 3(G15 cos2 f  + G24 s in 2 f  )sin 0 cos2 0 sin  8 cos2 8
+ (G15 s in 2 f  + G24 cos2 f  )sin 0 sin  8(3 s in 2 8 — 2)
+ G33 s in 3 0 sin  8 cos2 8, (1)
w here 8 is the  angle betw een the  polarization direc­
tion and the  bisector of the  optical axes. The angles 0 
and f  define the beam  propagation direction w ith  
respect to the  z  and x  axes of the  crystal, respectively. 
We presen t conversion-efficiency m easurem ents of a 
picosecond mode-locked Ti:sapphire laser a t  a funda­
m ental beam  in tensity  of 100 M W /cm 2 as a function 
of crystal orien ta tion  in flux-grown KTP6 for funda­
m ental w avelengths varying from 773 to 834 nm. 
To com pare the calculated PM angles and G eff w ith  the 
experim ental values, we give the  transform ation  of 
the ex ternal m easured phase m atch angles to the 
corresponding angles w ith  respect to the  crystal axes. 
F inally  the  im portance of param eters  such as the 
walk-off angle and angu lar acceptance is illustra ted .
2. Experimental
The ou tpu t of the picosecond mode-locked Ti:sap- 
phire laser w ith  pulse duration  of 1  to 2 ps and a 
repetition  ra te  of 82 MHz is controlled by a variable 
a tten u a to r th a t  consists of a Soleil B abinet com pensa­
tor and a polarizer and is continuously m onitored 
w ith  a Scientech power detector and autocorrelator.
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A vertically polarized laser beam  w ith  an  average 
power of 0.6 W and a beam diam eter of 1.6 mm is 
focused by a 160-mm lens to a focal spot d iam eter of 
65 ^m  into a 4.75-mm-thick KTP crystal. In th is 
w ay a typical in tensity  of 100 MW/ cm2 is reached for 
each wavelength. A diagram  of the  ap p ara tu s  can be 
found in Ref. 4. The PM curves in Fig. 1 are calcu­
lated from th e  Fresnel equation and the Sellmeier 
equations for flux-grown KTP.7 The PM angles and 
the values of the nonlinear coefficients of KTP8 are 
substitu ted  in Eq. (1) and are plotted as curves in Fig.
2. The crystal is cut for the m axim um  value of deff a t 
800 nm, which is approxim ately the m iddle of the 
wavelength range of the available Ti:sapphire laser. 
From the curves in Figs. 1 and 2 it can be seen th a t 
the beam  propagation direction for PM a t 800 nm for 
m axim um  deff is (0, f)  = (70°, 50°). In Fig. 3 the 
crystal axes are  denoted by x, y, z, and th e  laboratory 
fram e is denoted by u, v, w. The v axis is perpendicu­
la r to the saw  plane, and the direction of the  v  axis 
w ith respect to the crystal axes is defined by two 
rotations carried out to cut th e  crystal perpendicular 
to the original y  axis:
(2)
w here 0C = 90° — 70° and f c = 90° — 50° are the 
cutting angles. The u direction is chosen as the cross 
section of the (201) plane and the saw  plane. The 
re la tion  between the laboratory system  and the crys­
ta l system  is known and can be given by a transfo rm a­
tion m atrix  A [A  is the m atrix  in Eq. (4), below, w here 
ux is th e  xcom ponent of u, etc.]. The crystal o rien ta­
tion w as checked, and it agreed w ith in  the accuracy of 
the Laue m ethod (± 1°) th a t  we used.
The conversion efficiency follows from the ra tio  of 
the blue and red peak powers and was determ ined as 
a function of the ro tation angles a  and b around the u 
and w  axes, respectively, for different wavelengths. 
The difference in detector sensitiv ity  a t the red and 
blue w avelengths is less th an  3%. The accuracy of
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Fig. 2. Calculated (curves) and measured (dots) deff as a function of 
the PM angle f . Each value of f  corresponds to a particular 0 
value according to Fig. 1.
th e  angle positioning is 0.01° for b and 0.1° for a. 
Varying b gives us a m axim um  for th e  generated 
second harm onic a t a certain  fixed a . For each 
w avelength a curve of (a, b2 points for which PM 
takes place was m easured. These curves were pub­
lished in Ref. 4.
3. Results
3.A. Phase Matching Angles
To compare experim ent w ith theory, we transform  the  
m easu red  (a, b2 to crysta l angles (f , 0 2. This 
transfo rm ation  is described below. N orm al inci­
dence m eans th a t  th e  beam  is parallel to the v 
direction. In general the direction of the incident 
beam  i is a function of the angles a  and b according to 
ro tation  m ultiplication in m atrix  notation:
(3)
cos ß sin ß 0 1 0 0 0
i = —sin ß cos ß 0 0 cos a —sin a 1
0 0 1 0 sin a cos a 0
Fig. 1. KTP PM curves for type I  second-harmonic generation.
Fig. 3. Laboratory frame u, v, w and angles a  and p. 
are crystal axes x, y, z  and angles f  and 0.
Also shown
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M ultiplying the  transform ation  m atrix  A by the resu lt 
of Eq. (3) gives us i w ith  respect to the crystal axes:
(4)
The angle of incidence is defined by th e  scalar product 
of i and the un it vector v. From Snell’s law the 
refraction angle r  is obtained by the use of iteration, 
because the  refraction index n  depends on the  refrac­
tion angle:
ux Vx wX /cos a  sin  b
i = uy vy wy cos a  cos b
Mz Vz Wz. sin a
r  = arcsin(sin[arccos(i • v)]/n(r)} (5)
The angle r  is also equal to the scalar product of r  and 
v, w here th e  refracted beam  r  lies in the  plane of 
incidence. The PM angles are obtained from
0 = arccos(rz), 
f  = a rc tan (ry /rj. (6)
The resu lts of these calculations are plotted in Fig. 1. 
A part from a sm all shift in the upper direction the PM 
angles are in good agreem ent w ith  th e  calculated PM 
curves. Possible explanations for the observed shift 
are, first, a system atic error th a t  is due to a sm all 
orientation error and, second, th e  calculated PM 
curves are based on em pirical d a ta  from Ref. 7. The 
fourth  decimal of the refraction index is significant for 
the determ ination of the PM angles. The growth 
conditions are different for each process, and th is can 
be seen, for instance, in a significant difference in 
ionic conductivity, and therefore a slight difference in 
the refraction index can be expected.
3.B. Effective Nonlinear Coefficient and Conversion 
Efficiency
To determ ine th e  conversion efficiency it is necessary 
to know which fraction of the incident power is 
convertible. The polarization direction is kep t fixed 
along the  vertical direction, and the convertible frac­
tion is given by the scalar product of the u n it vector of 
the electric-field direction in the  crystal w ith  the 
convertible component of th e  polarization direction, 
which is defined by5
cos 0 cos f  cos 8 — sin f  sin  8 
cos 0 sin  f  cos 8 1  cos f  sin  8 
\ —sin 0 cos 8 /
(7)
Taking the F resnel losses into account, we found the 
m axim um  efficiency a t 834 nm to be 4.2%. The 
efficiency curves for different w avelengths as a func­
tion of the  PM orientation are shown in Fig. 4.
From the sm all signal approxim ation for the  conver­
sion efficiency9 and the  reference m easurem ent of 
d11 = 0.46 pm /V  of quartz ,9 the experim ental value of 
deff was obtained. The resu lts for deff values of 834
Fig. 4. Experimentally determined conversion efficiency for differ­
ent wavelengths as a function of the PM orientation.
and 773 nm are plotted in Fig. 2 and show th e  sam e 
dependence as the calculated values. The substi­
tu ted  nonlinear coefficients in Eq. (1) in picom eters 
per volt are d15 = —1.85, d24 = —4.31, and d33 = 
—17.2, and these values are w ith in  the  error m argins 
of the reported values.8 At 834 nm  these values give 
us, after substitu tion , a deff of 0.07 pm /V  a t m axi­
mum, w here the  above-mentioned values resu lt in a 
deff of 0.35 pm /V  (see Fig. 2). The large uncertain ty  
in th e  calculated deff m ainly is due to the inaccuracy of 
the difference between d15 and d24. The absolute 
values of the m easured deff depend on the d 1 1  of the  
quartz  th a t  was used. For instance the d 1 1  used in 
Ref. 8 (= 0.31 pm/V) will re su lt in lower values for deff, 
and correspondingly o ther nonlinear coefficients are 
needed to fit th e  experim ental data. W hen we look 
a t the curves in Fig. 2 and compare th e  resu lts  of the  
two w avelengths, the  m agnitudes of deff a t 773 nm 
generally fall above and those a t 834 nm  fall below the 
calculated curves. Possible explanations for th is dif­
ference are, first, th e  walk-off angle, which lim its the 
in teraction  length, and second, the values for the 
acceptance angles th a t are of the sam e m agnitude as 
the focusing geometry. The walk-off angle is calcu­
lated to be more th an  2° above 800 nm and for PM 
orientations w ith  f  g reater th an  50°. Irrespective of 
the PM orientation, below 800 nm th e  walk-off angle 
is less th an  2°. The calculated bandw idth10 for f  for 
all w avelengths used is a t least 25 mm mr. The 
beam  th a t is incident upon the crystal has a diver­
gence of 4.5 mr. Therefore a crystal of 4.75-mm 
thickness accepts all incident angles in the  x, y  plane. 
For w avelengths larger th an  800 nm the  acceptance 
for 0 is sm aller th an  21 mm mr, and for sm aller 
w avelengths the acceptance depends strongly on the  
PM angle. At 773 nm  the  acceptance is between 22 
and 15 mm m r for the PM orientations used. For a 
type I cut crystal it is difficult to say w hether the 
external angu lar bandw idth is large enough because 
the beam propagation is not in a principal plane. 
Given the experim ental circum stances and the angu­
lar bandw idth and walk-off calculations, it is clear
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th a t  the s ituation  for optim al conversion a t  773 nm  is 
far less critical th a n  a t  834 nm. F inally  it should be 
m entioned th a t  the  spectral bandw idth10 of the crys­
ta l is large enough (6 mm nm) for the  crystal to accept 
the  spectral range of the incident pulse, which is 0.5 
nm  for a 2-ps G aussian  pulse.
4. Conclusion
We have shown th a t  second-harm onic type I  PM  in 
bulk KTP is experim entally  possible, and the above­
determ ined PM  angles agree well w ith  the  calculated 
values. At 834 nm  the  m axim um  m easured conver­
sion efficiency is 4%. The experim ental values of deff 
show the sam e dependence as the  calculated curves, 
which are strongly dependent on the factor d 1 5  — d 2 4 .
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